; Lichtman and Colman, 2000). Despite the ubiquity of such structural rearrangements during developmental plasticity, the molecular machinery that allows activity of one presynaptic partner to increase the number of stable synaptic conKara G. Pratt, Alanna J. Watt, Leslie C. 
. In these postnatal cultures, many excitatory neurons retain a pyramidal significantly different than control, t test, p Ͻ 0.0002, n ϭ 10 and 13 pairs, respectively). There were no significant morphology with a prominent apical-like dendrite, and so can be identified morphologically (Watt et al., 2000;  differences in EPSC rise or decay times between conditions (rise ϭ 1.4 Ϯ 0.1 and 1.5 Ϯ 0.1 ms; decay ϭ 8.0 Ϯ Kilman et al., 2002). To examine the downstream effects of postsynaptic CaMKII activation on synaptic connec-1.6 and 10.1 Ϯ 2.7 ms, for control and T286D pairs, respectively). Transfection with EGFP and a T286A mutivity, we directly increased the amount of activated CaMKII in individual pyramidal neurons. This was actant kinase, which cannot autophosphorylate on residue T286 and so cannot become calcium independent, did complished by cotransfecting with EGFP and a mutated ␣-CaMKII in which autophosphorlyation at T286 was not increase evoked transmission ( Figure 2B , n ϭ 3). For these experiments and those described below, mimicked by changing T286 to an aspartate (T286D) ( Figure 1A ; Waldmann et al., 1990 ). Neurons were transtransfection with EGFP alone had no effect on synaptic transmission or passive neuronal properties; in addition, fected for 16-20 hr at low efficiency (1-6 neurons/dish) (Kilman et al., 2002) . This allowed us to alter CaMKII none of the mutant kinases had significant effects on passive cell properties or on the kinetics of synaptic signaling in individual postsynaptic neurons without directly affecting CaMKII signaling in presynaptic partcurrents. A change in evoked transmission could arise from ners. This selectivity is important because CaMKII is present at high levels in presynaptic terminals (Lui and (Figures 1B and 1C) , a distribution similar to that seen for transfection with T286D for 16-20 hr shifted the distribution of AMPA-mediated miniature excitatory postsynapendogenous CaMKII (see Figure 7A) . Expression of fluo- , 1998) . In our postnatal cultures, colocalization of synapsin and AMPAR using an antibody directed against an extracellular epitope of GluR1 revealed that 68% Ϯ 9% of synapsin puncta were colocalized with AMPAR (n ϭ 7 neurons). As 25%-30% of synapsin puncta onto these neurons arise from inhibitory presynaptic terminals (Kilman et al., 2002) , at most 10% of excitatory presynaptic terminals fail to cluster AMPARs under control conditions. This indicates that conversion of existing centered around 20. Excluding the Zeros, the mean N p It is worth noting that the EPSC amplitude measurements are derived only from physiologically connected for control pairs was 8.2 Ϯ 1.7, while for T286D pairs it was 18.6 Ϯ 1.6. This 2.2-fold change in N p is similar to pairs, which would correspond to the anatomically defined pairs with non-zero values of N p . The bimodal disthe 2.3-fold change in 1/CV 2 of EPSC amplitude ( Figure  2D ) and can account for much of the estimated 2.8-fold tribution of N p onto T286D-expressing neurons suggests that T286D induced a redistribution of synaptic contacts change in average quantal content produced by T286D. that, on average, one synapse is formed for every two axon-dendrite crossings, regardless of condition.
We calculated separately the average number of axon-dendrite crossings for control and T286D pairs that formed synaptic contacts, and for Zeros (pairs with axon-dendrite contacts but no synapses). The number of axon-dendrite contacts varied significantly with condition, being higher in T286D pairs than in Zeros or Controls ( Figure 5B, left panel Quantification of the apical dendritic structure of control and T286D expressing neurons ( Figure 5C , 6-8 neurons/condition) revealed no significant differences in total apical dendritic branch length (TADBL), branch number (Br #), or in the length density of dendritic filopodia (defined as terminal branches Ͻ 10 m in length). In addition, no significant effects on branch order were found (data not shown; ANOVA, p Ͻ 0.99). The effects of T286D on axo-dendritic crossings and synapse number are therefore not due to a net increase in dendritic branching. Taken together, these results suggest that postsynaptic T286D influences connectivity either by directly influencing the axonal branching of presynaptic partners or by influencing the number of axo-dendritic contacts that are stabilized.
T286D Decreases the Average Density of Excitatory Synapses
The 4-fold increase in the proportion of pyramidal neuron pairs that did not form synaptic contacts suggests This could occur through a reduced rate of synapse where the two markers were colocalized (PSD/Syn), to a similar degree (by approximately 33%, Figure 6D , n ϭ addition, or an increased rate of synapse loss due to failure to stabilize contacts once they are formed. Trans-4 experiments, T286D significantly different from EGFP alone, p Ͻ 0.01), indicating that the reduction in presynfection with the T286A mutant had no significant effect on synapse density (118% Ϯ 15% of control, n ϭ 3 aptic contacts can be accounted for by loss of excitatory terminals. experiments, p Ͼ 0.78). To verify that the synapse loss induced by T286D required phosphorylation of subSome immature presynaptic contacts may not be capable of transmitter release. To determine whether strates by CaMKII, we transfected neurons with the double CaMKII mutant K42M/T286D, which cannot hy-T286D reduced the density of functional presynaptic contacts, we used the steryl dye FM1-43 to measure drolyze ATP and so cannot phosphorylate substrates despite being in the active conformation ( (in separate experiments) with synapsin (1.5 Ϯ 0.3 puncta/ 10 m dendrite), suggesting that the majority of presynTo determine whether T286D was targeting excitatory synapses, triple-label experiments were performed so aptic contacts were capable of vesicle release and recycling. T286D produced a 33% reduction in FM1-43 we could simultaneously localize presynaptic (synapsin, in green pseudocolor) and excitatory postsynaptic puncta, comparable to the reduction in synapsin puncta ( Figure 6D , FM1-43; T286D significantly different from (PSD-95, in red pseudocolor) structures onto EGFPfilled dendrites (in blue pseudocolor, Figure 6C ). ApproxDsRed alone, p Ͻ 0.002, n ϭ 4 experiments). This reduction in excitatory synapse density occurred imately 72% of PSD-95 puncta were colocalized with synapsin, and the degree of colocalization was not afwithout any dramatic changes in dendritic morphology ( Figure 5C ). Taken together, these data indicate that fected by T286D (T286D was 99.9% Ϯ 7.0% of control, n ϭ 4 experiments). T286D expression reduced the denincreasing the amount of constitutive CaMKII activity in the postsynaptic neuron causes a net loss of excitatory sity of PSD-95 (PSD) puncta, and the density of puncta Figure 7A ), prompting us to examine the role of this endogenous kinase in regulating synapse density onto pyramidal T286D Increases Connectivity in an ActivityDependent Manner neurons. To accomplish this, we coexpressed EGFP and the autoinhibitory peptide ala, which binds to endogeActivated CaMKII has two seemingly paradoxical effects on synapse density. The overall density of excitatory nous CaMKII and prevents its activation (Griffith et al.,  1993) . While increasing the amount of constitutive kicontacts is decreased by T286D expression, as is the number of synaptic partners, suggesting that some prenase activity with T286D decreased synapse density ( Figures 6B and 6D) , inhibition of endogenous kinase synaptic partners are eliminated. At the same time, the number of contacts between partners that remain conwith ala peptide for 16-24 hr increased synapse density to 120.1% Ϯ 6.0% of control values (Figures 7B and 7D; nected increases. Because T286D is expressed throughout the postsynaptic neuron, it is not clear why some ala versus EGFP alone, p Ͻ 0.02, n ϭ 5 experiments). partners should be eliminated while others are retained not significantly different from control, p Ͼ 0.98). We wondered whether complete activity blockade was necand enhanced. One possibility is that the activity of the presynaptic inputs determines whether a particular inessary to prevent the increase in N p , or whether blocking NMDAR was sufficient. To test this, cultures were incuput is enhanced or lost. To test this, we transfected neurons with T286D for 16 hr in the presence of TTX to bated in APV and MK801 during the period of transfection, and the average number of synaptic contacts beblock all spiking activity. We have shown previously that TTX treatment alone (for up to 48 hr) has no significant tween connected pairs was analyzed. NMDAR blockade completely prevented the increase in N p produced by effect on the density of excitatory presynaptic contacts (Kilman et al., 2002) . T286D still reduced synaptic den-T286D (n ϭ 9 pairs, T286D ϩ NMDAR block significantly different from T286D alone, p Ͻ 0.001; values for sity in the presence of TTX (by about 32%, Figure 8A , n ϭ 4 experiments) and when minis were also blocked T286D ϩ TTX and T286D ϩ NMDAR block were not significantly different, so data were combined, Figure using TTX, CNQX, and APV (a 31% loss, n ϭ 2 experiments). These data indicate that once activated, CaMKII 8D). These data indicate that constitutive CaMKII activity alone is not sufficient to induce the dramatic potentiacan cause synapse loss with no additional requirement for ongoing pre-or postsynaptic activity, or synaptic tion of paired transmission, but that activation of NMDAR by ongoing activity is also required. activation.
In contrast, the increase in paired transmission produced by T286D was completely blocked by including Discussion TTX in the medium during the period of transfection ( Figure 8B ). In order to avoid inducing a homeostatic Activity-dependent developmental plasticity is ultimately expressed through structural changes in synapupregulation of EPSC amplitude from the activity blockade ( 
